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A :Wite of new materials, based on chemical modification of kaolins, has been successfully prepared via manipulation of the 
kaolin structure and subsequent intercalation by CaC12 and MgC12. A standard kaolinite (KGa-1) and a commercially available 
halloysite (New Zealand china clay) were used for this study. The kaolins are given several cycles of intercalation and 
deintercalation using a common intercalant such as potassium acetate. The number of cycles given depends on the type of 
kaolin. After this treatment, both kaolinite and halloysite hydrate show considerable broadening of the (OOQ) reflections which 
indicate extensive exfoliation of the layers. In the case of kaolinite, exfoliated layers roll to form tubes similar to proper 
halloysite. Kaolins modified by the above treatment readily intercalate MgC12 and CaC12 from saturated solutions of these salts. 
On intercalation with CaC12 and MgC12, kaolinite layers expand to lOA and 9.8A, and those of halloysite to 12.8A and 15.5A, 
respectively. To our knowledge, this is the first report of successful intercalation of alkaline-earth halides by kaolins. 
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INTRODUCTION 
The smectite-group minerals have an interlayer charge 
sufficient to attract interlayer exchangeable cations and 
intercalants, but not sufficiently large and localized to 
prevent swelling of the layers. As a result, smectites have 
been exploited extensively for production of materials for 
catalysis, adsorption, and molecular sieves. Unlike smectites, 
the constituent sheets of kaolins (kaolinite and halloysite) do 
not allow significant cation substitution, and thus lack cation 
exchange and extensive intercalation properties. In the 
absence of these properties, kaolins have primarily been 
utilized as fillers, paper coating and sources of AI and Si 
rather than as high-value products for catalysis, adsorption 
and cation exchange. 
However, kaolin structure does have the advantage of 
having an inherent dipole moment due to 1: 1 sheet 
configuration. The polar nature of the interlayer region can 
potentially attract a variety of organic and inorganic 
compounds. Carr et al. (1978) lists the compounds that can 
intercalate kaolin clays to some degree. Among the organic 
compounds, potassium acetate (KAc), dimethyl sulphoxide 
(DMSO), hydrazine, N-methylforamide (NMF) have been 
shown to substantially intercalate kaolinites and halloysites. 
Among the inorganic salts, alkali-metal halides and other 
salts of univalent cations have been intercalated into kaolinite 
and halloysite. 
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Although kaolins have the potential to intercalate a range 
of desirable compounds, their intercalation capacity is 
generally restricted due to the layers being strongly coupled 
by H-bonds. The strength of interlayer bonding in kaolins, as 
inferred from their intercalation properties, varies 
significantly depending on the history of their formation 
(Uwins et al. 1993). As the interlayer region is protected 
from the reacting species by strong interlayer H-bonding, any 
exchange and reactivity in these minerals is generally 
provided by OH groups at the crystal edges. 
There has been an ongoing effort to delaminate or weaken 
the interlayer bonding in kaolins. Costanzo et al. (1984) 
showed that partial substitution ofF for OH can be achieved 
by dissolving NH4F in a kaolinite-organic suspension 
followed by mild heating to 60°C. When treated in a specific 
sequence, this exchange of OH led to introduction of 
interlayer water and enhanced intercalation capacity. 
Introduction of water into the interlayer by this method is 
considered to occur via a weakening of interlayer bonding as 
there is no electrostatic attraction between F and 0 across the 
interlayer region. 
Intercalated (or pillared) clays primarily derived from 
montmorillonites-type clays have been extensively studied 
over the past twenty years (Pinnavaia, 1983). However, 
construction of permanently pillared clays from kaolinites 
has only recently been demonstrated. In general, kaolins are 
not expected to be suitable pillaring substrates due to the 
absence of layer charge. However, Vaughan (1994) 
suggested that generation of limited interlayer charge by acid 
leaching and intercalation of large polymetallic complexes 
(e.g. Al130 4(0H)24Cl7) is possible. 
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In a recent study, we have hydrated kaolinites without 
exchange of OH by F (Singh and Mackinnon, 1996). The 
interlayer bonding was weakened by repeated expansion and 
contraction of the layers using a common intercalant such as 
potassium acetate. In this paper, we show that kaolins 
modified by this procedure readily intercalate salts of 
divalent cations such as Ca and Mg. The paper also discusses 
a novel method to process these intercalates and generate 
porous materials with significant cation exchange capacity 
(CEC). 
MATERIALS AND METHODS 
Georgia kaolinite (KGa-1 available from the Source Clay 
Mineral Repository of The Clay Mineral Society) and a 
commercially available halloysite (New Zealand China Clay) 
were used for this study. Georgia kaolinite has been studied 
in similar intercalation experiments by other workers (Uwins 
et al. 1993). 
The kaolins selected for this study are first modified by 
repeated intercalation and deintercalation using potassium 
acetate. About 3 g of kaolin is thoroughly mixed with 25 ml 
of saturated solution of KAc in centrifuge tubes and allowed · 
to react for 2 days at 80aC. The progress of intercalation is 
monitored by periodic X-ray diffraction (XRD) of the 
intercalates. After maximum intercalation has occurred 
(based upon a maximum ratio for 14 and 7 A peaks), the 
suspensions are centrifuged, and supernatant KAc solution 
is removed. Next, the samples are washed with deionised 
water to remove KAc from the interlayer. The intercalation 
and washing process is repeated several times while 
periodically examining XRD traces before and after washing. 
The resultant kaolins are then allowed to react with saturated 
solution of CaC12 and MgC12 for periods 10 to 15 min, and 
the progress of intercalation is monitored using XRD. After 
intercalation of these salts into modified kaolins, the 
intercalates are first dehydroxylated at 550°C for one hour, 
allowed to cool down, and then washed with deionised water 
to remove excess salt. Next, the washed and dried 
dehydroxylation products are treated with 1 M acetic acid or 
0.05 HCl for one hour. After this treatment, the materials are 
washed and dried before analysing for surface area, 
crytallinity, CEC and chemical composition. 
Orientt_d samples of intercalated and washed materials are 
prepared for XRD by sedimentation of undiluted suspensions 
on ceramic plates under gentle suction. The washed samples 
are scanned (i) while moist and (ii) after appropriate drying 
conditions. The oriented samples are scanned rapidly 
(2 a /Min) in order to avoid drying during scanning. Randomly 
oriented samples of the dry materials are prepared by a 
standard back-filling method. All samples are analysed 
using a Siemens D5000 diffractometer with graphite 
monochromator and Cu-Ka radiation. 
For transmission electron microscopy (TEM), small 
droplets of very dilute suspensions are dried on carbon-
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Fig. 1 XRD pattern of (a) Georgia kaolinite, (b) its intercalation complex 
with Kac, (c) washed intercalation complex and (d) after about 35 cycles of 
intercalation and washing. An intermediate reflection at 7.9A appears after 
the first cycle of interdation and washing and after several cycles, a broad 
reflexion at lOA appears. 
coated Cu grids. All TEM samples are investigated using a 
JEOL 4000FX electron microscope operated at 400 kV. The 
N2 BET surface area measurements are made using 
Micrometries Gemini instrument. Cation-exchange capacity 
is determined by standard procedures using 1M NH4Cl. 
RESULTS AND DISCUSSION 
Modification of Kaolins 
Georgia kaolinite and NZ halloysite intercalate readily with 
a saturated solution of KAc (Fig. 1 and 2). More than 80% 
intercalation, indicated by a reduction in the intensity of the 
7.2 A reflection and appearance of a reflection at 14 A, 
occurs for kaolinite in about 2 days. However, halloysite 
intercalates completely with KAc in about 3 hours. 
On washing of the kaolinite intercalate with water, the 
14 A basal spacing disappears and there is an increase in the 
intensity of the 7.2 A reflection, and a broad reflection at 
-7.9 A appears for kaolinite intercalate (Fig. 1). The position 
of this reflection depends on the duration and degree of 
intercalation. For short periods of initial intercalation (e.g. a 
few hours), the position varies between 7.3 to 7.5 A. The 
higher order reflections of the intermediate reflection show 
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Fig. 2 XRD pattern of (a) NZ halloysite, (b) its intercalation complex 
with KAc, and (c) washed intercalation complex. Halloysite rehydrates 
after the first cycle of intercalation and washing. 
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Fig. 3 A random powder XRD pattern of (a) Georgia kaolinite and 
(b) its modification product after about 35 cycles of intercalation and 
washing. 
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non-integral spacings which suggest that it represents 
interstratification rather than unit-cell periodicity. For 
halloysite intercalates, the 14A reflection collapses to lOA, 
which indicates rehydration of halloysite, and is consistent 
with previous work in literature (Fig. 2). 
With increasing number of intercalation and washing 
cycles, the intermediate reflection broadens and moves to 
lower 28, and after 35 intercalation and washing cycles, a 
broad reflection appears at 10 A. However, the residual 
7.2 A reflection still remains after 35 cycles suggesting that 
some highly crystalline kaolinite particles are not affected by 
this treatment. The rO A reflection disappears after air drying 
overnight and the intermediate reflection gradually sharpens 
Fig. 4 A transmission electron micrograph of modified kaolinite. The 
platey crystals have clearly exfoliated and folded. 
and moves toward the 7.2 A reflection (Fig. 3). After air 
drying for 3 days, the intermediate reflection eventually 
merges with the 7.2 A reflection. 
After about 35 cycles, there is a clear difference in the 
properties of the hydrate compared with untreated kaolinite. 
The suspensions become voluminous and viscous, and 
readily flocculate, with a comparatively stable suspension at 
pH 10. The surface area and CEC for the treated sample 
increase significantly. For example, the surface area and 
CEC for modified Georgia kaolinite are -10 m2/g and 32 
meq/1 OOg, whereas the corresponding values for fresh 
sample are 6 m2/g and 10 meq/IOOg. 
XRD analysis of randomly oriented powder of dried 
modified kaolinite shows significant broadening of (001) 
reflections (Fig. 3). This observation suggests that repeated 
expansion and contraction of layers has introduced 
significant layer-stacking disorder and/or exfoliation of the 
layers. After 35 cycles of KAc intercalation and washing, 
most of the Georgia kaolinite exhibits longitudinal 
morphologies attached to platy crystals (Fig. 4). Selected-
area electron diffraction and high-resolution images showed 
that these longitudinal features represent rolled or folded 
layers of previously platey crystals. The platey crystals 
clearly show exfoliation, which is consistent with XRD 
analysis (Singh and Mackinnon 1996). 
Hydration is always accompanied by considerable 
disordering of the kaolinite structure (Costanzo et al. 1984), 
which has led to the belief that the creation of disorder is a 
necessary and integral part of the hydration of kaolinite 
(Costanzo et al. 1984). The conventional model holds that 
layers slip in the a, b or both (random) directions when they 
collapse on washing of the intercalate, resulting in a layer-
stacking disorder. 
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Fig. 5 (a) An XRD pattern of MgCl2 intercalate with modified kaolinite 
(KGa-l); (b) an XRD pattern of modified kaolinite after washing the 
MgCl2 intercalation complex with water. 
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Fig. 6 (a) An XRD pattern of CaCl2 intercalate with modified kaolinite 
(KGa-1 ); (b) an XRD pattern of modified kaolinite after washing the 
CaCl2 intercalation complex with water. 
Intercalation of Modified Kaolins 
The kaolins which have been exfoliated by repeated 
expansion and contraction of the layers (henceforth, called 
"modified kaolins") possess an extraordinary ability to 
intercalate salts of divalent cations, particularly Ca and Mg 
and have the potential to intercalate polymetallic complexes 
and salts of polyvalent cations. 
XRD pattern of a kaolinite intercalated with MgCl2 and 
CaCl2 is shown in Fig. 5 and Fig. 6, respectively. On 
intercalation with MgCl2, kaolinite layers expand to 9.95A, 
whereas intercalation with CaCl2 results in expansion of the 
kaolinite layers to lOA. The MgCl2 intercalate shows a well-
defined and strong reflection at 9.95A whereas CaCl2 
intercalate exhibits a relatively weak reflection at lOA. The 
reflections for salt-kaolinite complex remain stable on 
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Fig. 7 (a) An XRD pattern of modified halloysite; (b) an XRD pattern of 
intercalation complex of modified halloysite with MgCl2. 
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Fig. 8 (a) An XRD pattern of modified halloysite: (b) pattern of 
intercalation complex of modified halloysite with CaCl2• 
heating the sample at 105°C, which shows that expansion of 
layers is due to insertion of salt without any associated water 
of hydration. In both cases, the intercalated salt is readily 
removed by washing with deionised water, after which layer 
spacings collapse to about 8.2A. The 8.2A reflection is 
probably due to interstratification of hydrated (lOA) and 
nonhydrated (7 A) layers. The collapse of expanded layers 
and appearance of reflection for hydrated layers on washing 
further shows that the 9.95 and lOA reflection are due to 
penetration of kaolinite layers by salt. 
The XRD patterns for intercalation complex of halloysite 
with MgCl2 and CaCl2 are shown in Figs. 7 and 8, 
respectively. The halloysite layers expand to 15.5A on 
intercalation with MgCl2, where as intercalation with CaCl2 
results in layer spacing of 12.8A. Similar to the situation for 
kaolinite, the reflection for the halloysite-MgCl2 complex is 
much more strong and well defined compared to that of 
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Table 1. Showing properties of some materials produced from kaolin intercalates 
Sample Intercalant Acid used Surface area1 before extration Surface area after extration CEC meq/IOOg 
INH-1 CaCl2 lMHCl 
INH-2 MgCl2 lMHCl 
HNZ MgCl2 lM Acetic 
NHZ MgCI, 0.05MHCL 
1 N2 BET surface area (m2/g) 
halloysite-<;:aC12 complex. The layer spacings of these 
halloysite salts are considerably larger than analogous 
intercalation complexes with kaolinite. This is probably due 
to retention of interlayer water in halloysite with penetration 
of salt molecules into the interlayer. However, the presence 
of water could not be confirmed by heating the sample. The 
excessive amount of salt present in the halloysite-salt 
complex crystallises on drying and dilutes the clay so that no 
reflections are noticed in the XRD pattern. 
Although it has not been established by structure analysis, 
it seems that enhancement of intercalation by the above 
process results from destruction of the pairing of OH and 0 
across the interlayer region in modified kaolins. As 
mentioned earlier, kaolins have been reported to intercalate 
only some highly polar molecules or salts of univalent 
cations. Thus, this is the first time that well-defined 
intercalates of CaC12 and MgC12 have been formed with both 
kaolinite and halloysite. 
Development of Porous Materials 
In order to produce useful .. novel materials from kaolin 
intercalates, properties such as high surface area, high cation 
exchange, microporosity or highly active sites (or various 
combinations thereof) are required. Our results on 
subsequent processing of divalent-salt/kaolin intercalates 
indicate that such useful properties can be attained in the 
intercalate derivatives. An example of the processing strategy 
for kaolin intercalates is shown in Fig. 9. According to this 
process, the intercalate is first dehydroxylated; during 
dehydroxylation of the intercalate, the intercalated salt reacts 
with kaolin so that alkaline earth metal is retained in the 
dehydroxylate and halide is discarded. 
Incorporation of the alkaline-earth metal (Ca, Mg) in the 
dehydroxylate and removal of the halide is demonstrated by 
the chemical composition of the washed dehydroxylation 
product, and is consistent with dehydroxylation mechanism 
of kaolin alkali-halide (NaCl, KCl) intercalate (Thompson et 
al. 1992). Up to 20 wt% alkali earth metal oxide can be 
reproducibly incorporated into the alumino-silicate structure 
by this process. Subsequent acid treatment of the washed 
dehydroxylates leads to nonstoichoimetric extraction of the 
inserted cations, and formation of a porous material having 
considerable surf;ce area and CEC. 
Materials with surface-area and cation-exchange capacity 
10 to 25 times greater than that of kaolinite have been 
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Fig. 9 A schematic diagram illustrating major processing steps 
(intercalation, dehydroxylation and acid extraction) and mechanism to 
form microporous derivatives from kaolin. M: alkaline earth metals. X: 
H20 molecules. 
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Fig. 10 Adsorption isotherm for selected microporous derivatives 
prepared from kaolin intercalates. 
obtained (Table 1). Most of the materials exhibit significant 
microporosity as indicated by the shape of the adsorption 
isotherm (Fig. 10), micropore-surface area (at least a quarter 
of the total surface area) and XRD pattern. In this work, 
only two salts, one dehydroxylation treatment and two acid 
treatments have been tested. While the results (Table 1) are 
encouraging and strongly support the mechanisms considered 
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above, they do not represent the maximum achievable surface 
area and CEC, as the dehydroxylation and extraction 
conditions have not been optimised for preferential and 
complete extraction of the inserted cations. 
A tentative interpretation of the mechanisms involved in 
this processing can be made using the current knowledge on 
metakaolin (dehydroxylated kaolin). On dehydroxylation, 
three dimensional order in kaolins is completely lost, but 
some order within individual layers persists (Brindley and 
Lemaitre 1987). Conversion of octahedral AI to tetrahedral 
coordination has been established by infrared spectroscopy 
and 27AI and 29Si NMR (Watanabe et al. 1987). In summary, 
on dehydroxylation of kaolin, octahedral AI converts to 
tetrahedral coordination and sheets of AI and Si are 
preserved in a topotactic transformation. Presumably, kaolin 
intercalates also undergo similar thermal transformation in 
which sheets of Si and AI are largely preserved, and inserted 
cations are located in rows or sheets between sheets of AI 
and Si tetrahedra. 
Acid hydrolysis can selectively remove octahedral cations 
from 2:1 and 1: 1 aluminosilicates; with rates of depletion 
generally following the sequence: Mg+2>Fe+2>Fe+3>Al+3 
(Corma et al. 1987). In a recent study, Kaviratna and 
Pinnavaia (1994) evaluated hydrolysis mechanisms for 
swelling and non-swelling smectites, and showed that "edge 
attack", whereby cations (such as Mg, Li, AI) are removed 
through the interlayer regions, is the dominant mechanism in 
acid hydrolysis of clays. Although the dehydroxylated 
kaolin-intercalates described herein are structurally different 
from uncalcined 1: 1 or 2: 1 clays, similar dissolution behavior 
of Mg, Ca and AI is to be expected. 
It seems that rows of inserted cations (Ca, Mg) in the 
dehydroxylates are preferentially dissolved by acid, which 
leads to the generation of gallery-like micropores in the 
aluminosilicate structure. A mild acid treatment is sufficient 
to mobilise the inserted cations, suggesting that inserted 
cations are easily accessible and weakly bound to the 
aluminosilicate structure. To date, some AI is also extracted 
under most conditions tested. Thus, pores of absolutely 
uniform dimension, as shown schematically in Fig. 9, may 
not be expected. However, the relative proportion of 
micropores will depend on the selectivity with which inserted 
cations are extracted. The extraction selectivity is likely to 
depend on the nature of the inserted cation, the structure of 
the dehy&oxylate and conditions of extraction including acid 
type, acid concentration and temperature. 
The inserted cations (and some of the AI) are extracted by 
acid without dismantling the anionic framework (viz. Fig. 9). 
Consequently, the aluminosilicate framework is rendered 
with net negative charge balanced by H+ which can be readily 
exchanged with other cations (e.g. NH/ has been tested 
successfully). As mentioned earlier, up to 20 weight% MgO 
can be retained in the washed dehydroxylates of kaolin-
MgC12 intercalates. This amount translates to a cation-
exchange capacity of 1000 meq/lOOg if all Mg+2 is extracted 
without disrupting the anionic framework. Thus, even if half 
of the total Mg+2 is preferentially extracted (i.e. the rest is 
either not extracted or is extracted in congruence with AI and 
Si), it will generate CEC values comparable to synthetic 
zeolites for specific cations (300-700 meq/100g). In general, 
materials with CEC >100 meq/100g and surface area> 200 
m2/g are valuable and worth exploring for applications. 
A similar acid treatment of dehydroxylated kaolin-alkali 
intercalates does not lead to selective extraction of the 
inserted cations and consequent formation of porous material 
(Thompson et al. 1992). This is probably because alkali-
metal cations (K+, Na+) are more intimately mixed within the 
aluminosilicate structure during intercalation and subsequent 
dehydroxylation. A widely-held view in the literature 
suggests that alkali-metal cations in kaolin intercalates 
occupy the hexagonal cavity and are located close to, or at 
the same z level as Si atoms (Wada 1961). It seems that 
dehydroxylation products of these intercalates contain 
intercalated alkali cations interspersed with Si tetrahedra 
rather than in discrete rows. However, these hypotheses are 
subject to validation by detailed structure analysis using 
spectroscopic and diffraction techniques. 
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